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A.

ABSTRACT
Research in the following areas is reported in this Annual Summary Report:

Scattering of high-frequency sound by elastic objects in water--Experiments
and theory are examined mostly for problems not describable by thin shell theory
including: backwards-wave high-frequency enhancement of backscattering by shells;
coincidence frequency enhancement for chirped bursts and impulses; a novel impulse
generator and the effect of the mass-per-area of the shell on the specular return; and the
application of time-frequency analysis. Some leaky wave scattering properties are
examined including the Fresnel width of the coupling region, a convolution formulation,
and a variable phase coupling coefficient. Retro-reflective backscattering of sound due to
Rayleigh waves on objects with comers is demonstrated.

Radiation mechanisms for fluid-loaded plates--A flexural wavepacket is launched
to propagate down a plate that has only its bottom half submerged. When the packet
crosses the free surface of the water, there is a burst of acoustic radiation into the water
due to the jump in fluid loading. This transition radiation is measured and modeled.
Caustic wavefields and diffraction catastrophes--The principal effort concerns
the characterization of echo fluctuations associated with caustics in the wavefield produced
by reflection from rough surfaces. Supporting optical experiments concern the
observation of Eg diffraction catastrophes.

Interaction of sound with sound mediated by a suspension of particles--
Alternative measurement configurations are being explored to make it easier to relate
properties of the suspension to acoustic signatures.
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1. INTRODUCTION AND ORGANIZATION OF THIS REPORT

This Annual Summary Report is organized as follows. Section II lists the
personnel involved in the research. Section IIl gives for the period covered a bibliography
of publications, reports, dissertations, and communications resulting from the sponsored
research. The items are listed to facilitate easy reference in the main body of the report.
Section IV summarizes selected research results grouped according to the four principal
task areas originally proposed: (A) scattering of high-frequency sound by elastic objects in
water, (B) radiation mechanisms for fluid loaded membranes and plates, (C) cau.tic
wavefields and diffraction catastrophes, and (D) the interaction of sound with sound
mediated by a suspension of particles. Summarized in the final subsection is (E)
supplemental research and scholarship. Section V, which is Appendix A, gives a paper
that has been submitted for publication which describes aspects of the research.

II. PERSONNEL
The following persons participated in the research.

Graduate students

1. D. H. Hughes: Completed Ph.D. degree in December 1992 on theoretical and
computational problems pertaining to scattering by elastic shells. [Hughes is
currently an ONR Postdoctoral Fellow at the Physical Acoustics Branch of NRL
(Washington, D.C.).]

2. T.J.Matula: Completed Ph.D. degree in December 1993 pertaining to the radiation
and scattering by flexural waves on plates. (Matula is currently in a postdoctoral
position at APL, Univ. of Washington.)

3. G. Kaduchak: Ph.D. candidate working on scattering by elastic shells.

4. K Gipson: Ph.D. candidate working on scattering related problems. (Position
facilitated by AASERT augmentation.)




5. C.Kwiatkowski: Ph.D. candidate working on ultrasonic four-wave mixing mediated
by particle suspensions and related aspects of nonlinear acoustics. He also completed
an M.S. degree project on a novel transient source with support from this project.
(Position facilitated by AASERT augmentation.)

6. D.Garvey: Ph.D. candidate who worked on radiation mechanisms for fluid loaded elastic
objects prior to changing to a different research program at Washington State University.

Other personnel
1. P.L. Marston: principal investigator
II1. BIBLIOGRAPHY OF PUBLICATIONS AND REPORTS FOR GRANT N00014-92-J-1600

Research publications, pending publications, dissertations, technical and internal
reports, reports of related previous work, and abstracted oral presentations are listed below
according to category. Also listed for reference in the body of the report is a letter code.
Thus, for example, J1 refers to the first journal publication. Each list is roughly
chronological. Items supported in part by other sources are so indicated. (Publications
supported by the expired grant NO0014-89-J-3088 which were published after the final
report was issued in 1992 are listed here and are indicated by **.)

Code J: Refereed Journal Publications. Items that have been accepted for publication
are so indicated while iterns submitted and under review are listed only as "submitted."

J1. P.L. Marston and N. H. Sun, "Resonance and interference scatiering near the
coincidence frequency of a thin spherical shell: an approximate ray synthesis." J.
Acoust. Soc. Am. 92, 3315-3319 (1992).**

J2. G. Kaduchak and P. L. Marston, "Observation of the midfrequency enhancement of
tone bursts backscattered by a thin spherical shell in water near the coincidence
frequency,” J. Acoust. Soc. Am. 93, 224-230 (1993).**

J3. T.J. Matula and P. L. Marston, "Electromagnetic acoustic wave transducer for the
generation of acoustic evanescent waves on membranes and an optical wave-number
selective detector,” J. Acoust. Soc. Am, 93, 2221-2227 (1993),**




J4.

IS.

J6.

J7.

I8.

J9.

J10.

J11.

J12.

J13.

T. J. Matula and P. L. Marston, "Diffraction of evanescent wave tone bursts on a
membrane in air,” J. Acoust. Soc. Am. 93, 1192-1195 (1993).**

G. Kaduchak and P. L. Marston, "Backscattering of chirped bursts by a thin spherical
shell near the coincidence frequency." J. Acoust. Soc. Am. 93, 2700-2706 (1993).

D. H. Hughes and P. L. Marston, "Local temporal variance of Wigner's distribution
function as a spectroscopic observable: Lamb wave resonances of a spherical shell,"
J. Acoust. Soc. Am. 94, 499-505 (1993).

J. S. Stroud and P. L. Marston, "Optical detection of transient bubble oscillations
associated with the underwater noise of rain," J. Acoust. Soc. Am. 94, 2788-2792
(1993). (Partially supported also by N00014-91-J-1374.)

C. K. Frederickson and P. L. Marston, "Travel time surface of a transverse cusp
caustic produced by reflection of acoustical transients from a curved metal surface in
water,” J. Acoust. Soc. Am. 95, 650-660 (1994).**

G. Kaduchak, P. L. Marston, and H. J. Simpson, "Eg diffraction catastrophe of the
primary rainbow of oblate water drops: Observation with white light and laser
illumination," Applied Optics (accepted for publication).

G. Kaduchak and P. L. Marston, "Hyperbolic umbilic and Eg diffraction catastrophes
associated with the secondary rainbow of oblate water drops: Observations with laser
illumination," Applied Optics (accepted for publication).

P. L. Marston and G. Kaduchak, "Generalized rainbows and unfolded glories of
oblate drops: Organization of multiple internal reflections and extension of cusps into
Alexander's dark band,” Applied Optics (accepted for publication).

P. L. Marston, "Leaky waves on curved scatterers: L. Fresnel width of coupling
regions and elliptical Fresnel patches," J. Acoust. Soc. Am. (accepted for publication).

K. L. Williams, J. S. Stroud, and P. L. Marston, "High frequency forward scattering
from Gaussian spectrum, pressure release, corrugated surfaces. 1. Catastrophe theory




J14.

J1S.

J16.

.

J18.

J19.

modeling," accepted for publication in J. Acoust. Soc. Am. (K. L. Williams
supported by other ONR resources; J. S. Stroud supported by subcontract 721569
from University of Washington.)

G. Kaduchak, D. H. Hughes, and P. L. Marston, "Enhancement of the bacl-scattering
of high-frequency tone bursts by thin spherical shells associated with a backwards wave:
Observations and ray approximation,” J. Acoust. Soc. Am. (accepted for publication).

G. Kaduchak and P. L. Marston, "Traveling-wave decomposition of surface
displacements associated with scattering by a cylindrical shell: Numerical evaluation
displaying guided forward and backward wave properties,” submitted to J. Acoust.
Soc. Am.

P. L. Marston and N. H. Sun, "Backscattering near the coincidence frequency of a thin
cylindrical shell: an approximate ray synthesis," submitted to J. Acoust. Soc. Am.

P. L. Marston, "Variable phase coupling coefficient for leaky waves on spheres and
cylinders from resonance scattering theory,” Wave Motion (accepted for publication).

T. J. Matula and P. L. Marston, "Energy branching of a subsonic flexural wave on a
plate at an air-water interface. I: Observation of the wave field near the interface and
near the plate," submitted to J. Acoust. Soc. Am.

G. Kaduchak, C. S. Kwiatkowski, and P. L. Marston, "Measurement and
interpretation of the impulse response for backscattering by a thin spherical shell using
a broad-bandwidth source that is nearly acoustically transparent,” submitted to J.
Acoust. Soc. Am.

Code B: Chapters in Books.

B1.

P. L. Marston (editor), Selected Papers on Geometrical Aspects of Scattering (SPIE
Optical Engineering Press, Bellingham, WA, 1994) 716 pages + xix.

B2. S. M. Biiumer, D. L, Kingsbury, and P. L. Marston, translators and editors of "Das

elektromagnetische Feld um einen Zylinder und die Theorie des Regenbogens,” by P.




B3.

Debye, Physikalische Zeitschrift, Vol. 9(22), pp. 775-778 (1908) [Translation
published in pp. 198-204 of book noted above].

J. S. Stroud and P. L. Marston, "Transient Bubble Oscillations Associated with the
Underwater Noise of Rain Detected Optically and Some Properties of Light Scattered by
Bubbles," accepted for publication in Dynamics and Interface Phenomena (Kluwer Publisher).
Peer reviewed publication based on 1993 IUTAM meeting presentation (by invitation only).

Code T: Thesis, Dissertations, Technical Reports, or Other Reports.

T1.

T2.

T3.

T4.

D. H. Hughes, "Backscattering of Sound by Spherical Shells in Water," Ph.D.
dissertation, Department of Physics, Washington State University (1992), 240 pages
[abstract published in J. Acoust. Soc. Am. 94, 1168 (1993)].

T. J. Matula, "Generation, Diffraction, and Radiation of Subsonic Flexural Waves on
Membranes and Plates: Observations of Structural and Acoustical Wave Fields,"
Ph.D. dissertation, Department of Physics, Washington State University (1993) 201
pages [abstract published in J. Acoust. Soc. Am. 95, 3672 (1994)].

P. L. Marston, "Scattering of Radiation by Shells and Nonlinear Acoustics of Particle
Suspensions,” (Final Report for N00014 -89-J-3088 issued October 1992) DTIC
Accession No. AD-A257257, 67 pages.

P. L. Marston, "Ray Methods for Acoustic Scattering, Optics of Bubbles, Diffraction
Catastrophes, and Nonlinear Acoustics,” (Final Report for N00014-85-C-0141
issued November 1992) DTIC Accession No. AD-A258938, 47 pages.

Code P: Papers In Conference Proceedings.

Pl.

P2.

H. J. Simpson and P. L. Marston, "Ultrasonic four-wave mixing mediated by a
suspension," in Advances in Nonlinear Acoustics, Proceedings of the 13th
International Symposium on Nonlinear Acoustics, edited by H. Hobaek (World
Scientific, Singapore, 1993) pp. 644-649.

G. Kaduchak, P. L. Marston, and H. J. Simpson, "Observation of the E¢ diffraction
catastrophe associated with the primary rainbow of oblate drops,” in Light and Color




P3.

P4.

in the Open Air Technical Digest, 1993, Vol. 13 (Optical Society of America,
Washington, D.C., 1993) pp. 5-7.

P. L. Marston and G. Kaduchak, "Secondary and higher-order generalized rainbows
and unfolded glories of oblate drips: analysis and laboratory observations,” in Light
and Color in the Open Air Technical Digest, 1993, Vol. 13 (Optical society of
America, Washington, D.C., 1993) pp. 12-15.

P. L. Marston, D. H. Hughes, G. Kaduchak, and T. J. Matula, "High-frequency
radiation and scattering processes for shells and plates in water: Backwards waves,
coincidence enhancements, and transition radiation," submitted to: Third International
Congress on Air- and Structure-Borne Sound and Vibration. (Manuscript reproduced
in this report in Appendix A.)

Code I: Internal Reports. These include various reports on file that were not widely
distributed. Copies will be available for a limited time from the principal investigator. Some
of these have been superseded by other manuscripts that were submitted for publication.

I1.

12.

G. Kaduchak, "Backscattering of chirped bursts by a thin spherical shell near the
coincidence frequency,” October 1992. Note: This paper (and associated
presentation) by Kaduchak resulted in the Second Place Award for a student paper on
Structural Acoustics and Vibration, New Orleans Meeting of the Acoustical Society of
America, November 1992.

C. S. Kwiatkowski, "Broadband impulse transducer for the measurement of
backscattering objects in water,” M.S. degree project report, Physics Dept.,
Washington State University (1993).

Code M: Oral Presentations at Professional Meetings. Presentations at
meetings having published proceedings are listed in code P (above). Unless otherwise
noted presentations listed below were at national meetings of the Acoustical Society of
America and an abstract was published. Various invited research presentations at
government research centers or universities are not listed.

M1. G. Kaduchak, "Backscattering of chirped bursts by a thin spherical shell near the

coincidence frequency," J. Acoust. Soc. Am. 92, 2462 (1992). (SeeitemI1.)




M2.

M3.

M4,

MS.

M6.

M7.

MS.

M9.

M10.

M1l
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G. Kaduchak and P. L. Marston, "Eg diffraction catastrophe in light scattered near
the rainbow region of an acoustically levitated spheroidal water drop," J. Acoust Soc.
Am. 92, 2474 (1992).

P. L. Marston and N. H. Sun, "Liquid-filled spherical reflectors: Analysis of glory
ray amplitudes,” J. Acoust. Soc. Am. 92, 2472 (1992).

P. L. Marston and N. H. Sun, "Liquid-filled spherical reflectors. the exceptional
case of refractive index approaching two,"” J. Acoust. Soc. Am. 92, 2472 (1992).

P. L. Marston, "Classical sound waves as a coherent superposition of phonons," J.
Acoust. Soc. Am. 93, 2312 (1993).

H. ). Simpson and P. L. Marston, "Ultrasonic four-wave mixing mediated by a
suspension of microspheres in water: Comparison between two scattering theories,"
J. Acoust. Soc. Am. 93, 2384 (1993).

P. L. Marston, "Fresnel width of the coupling regions of generalized leaky Lamb
waves and Fermat's principle,” J. Acoust. Soc. Am. 93, 2411 (1993).

D. H. Hughes and P. L. Marston, "Time-frequency spectrograms of impulse
scattering by shells: Quantitative comparisons with ray theory of Lamb wave
contributions,"” J. Acoust. Soc. Am. 94, 1823 (1993).

C. S. Kwiatkowski, G. Kaduchak, and P. L. Marston, "Broadband impulse
transducer for measurement of backscattering by objects in water,” J. Acoust. Soc.
Am. 94, 1831 (1993).

G. Kaduchak, C. S. Kwiatkowski, and P. L. Marston, "Impulse response for
backscattering by a thin spherical shell: Measurement and wave interpretation,” J.
Acoust. Soc. Am. 94, 1877 (1993).

G. Kaduchak, T. J. Matula, and P. L. Marston, "Traveling wave decomposition of
surface displacemnents on a cylindrical shell: Numerical evaluation displaying guided
wave properties,” J. Acoust. Soc. Am. 94, 1861 (1993).




M12. T. J. Matula and P. L. Marston, "Energy branciiing of a subsonic flexural wave on a
plate at an air-water interface: Transition radiation and the acoustic wave field in
water," J. Acoust. Soc. Am. 94, 1877 (1993).

M13. G. Kaduchak and P. L. Marston, "Observation of the prompt high-frequency
enhancement of tone bursts backscattered by a thin spherical shell near the first
longitudinal resonance,” J. Acoust. Soc. Am. 94, 1877 (1993).

M14. P. L. Marston, "Convolution formulation of leaky wave contributions to scattering by
plates and by cylinders and shells of variable curvature,” J. Acoust. Soc. Am. 94,
1861 (1993).

M15. 1. S. Stroud, P. L. Marston, and K. L. Williams, "High-frequency forward scattering
from Gaussian spectrum, pressure release, corrugated surfaces: Experiment and
comparison with catastrophe theory,” J. Acoust. Soc. Am. 94, 1891 (1993).

IV. RESEARCH PROJECTS

This discussion summarizes the research results in the context of previous work by others
and by Marston and associates. The reader should see the various publications and reports listed
in Section Il for theoretical and technical details as well as the Appendix to this report.

A. Scattering of high-frequency sound by elastic objects in water.

The emphasis of this research program has been on high-frequency scattering for
situations where the elastic contributions to backscattering are large. For situations where
the scatterer is an elastic shell, various excited elastic waves of interest are not desirable by
theories for scattering by thin shells being developed by other researchers. Thus, for
example, it is usually necessary to rely on dispersion relations based on the full equations
of elasticity with fluid loading (instead of the much simpler equations of a fluid-loaded
"thin shell”). This restriction is a consequence of the scattering processes of interest
occurring at high frequencies where the assumptions of "thin shell theory"” break down
irrespective of the shell thickness. Some of the results are also applicable to leaky Rayleigh
waves and to aspects of ultrasonic nondestructive testing.

11
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From January through mid April of 1993 Marston was a visiting scientist with the
Advanced Sonar Division of the Applied Research Laboratories of the University of Texas
at Austin and was supported by the ARL:UT Independent Research and Development
Program. During this period he was able to show how some of the methods developed
with the support of this grant have application to scattering from some targets on interest at
high-frequencies used in high-resolution sonar systems.

Some specific accomplishments and areas of progress will now be summarized.

1. Backscattering of chirped tone bursts near the coincidence frequency of
a thin shell: experiments and analysis.

One objective of these experiments was to determine the effects of sweeping an
incident tone burst through the region of the coincidence frequency for an empty thin
spherical shell. Previously a large enhancement had been observed and analyzed for tone
bursts of fixed carrier frequency and short duration {Zhang, Sun, and Marston, J. Acoust.
Soc. Am. 91, 1862-1874 (1992); Kaduchak and Marston, J. Acoust. Soc. Am. 93, 224-
230 (1993)]. For metallic objects, the frequency of the enhancement is typically close to
the condition kh = 1 where h is the shell thickness which may be estimated from
knowledge of the enhancement. The new experiments and analysis show that the
enhancement is not destroyed by sweeping through the coincidence region. For the
greatest enhancement, the incident signal should be chirped from high-to-low at a rate
where the scatterer acts like a matched filter to give maximum compression of the scattered
burst. These results are described in a paper published in the Journal of the Acoustical
Society of America’? and are summarized here in a section of Appendix A.

2. Observations of the backwards-wave high-frequency enhancement of
backscattering by a shell.

Also, summarized in a section of Appendix A is research into a large enhancement
of the backscattering that was observed and modeled. As illustrated by Fig. 3 of Appendix
A the rays of interest do not propagate around the shadow side of the scatterer so that the
detailed shape of the shadow side of the scatterer is irrelevant. D. H. Hughes contributed
to the theory for the process in his 1992 Ph.D. dissertation.T! A detailed discussion of
Kaduchak's experiments along with the theory has been accepted for publication in the
Journal of the Acoustical Society of America 314 Figure 1 reproduces the abstract of this
manuscript which serves to summarize the results. Figure 2 shows a comparison of the
measured and predicted scattering enhancements (relative to reflection by a rigid sphere of
the same size). The comparison shows good agreement between the experiment and the




Accepted for publication in J. Acoust. Soc. Am.

Enhancement of the backscattering of high-frequency tone bursts by thin
spherical shells associated with a backwards wave: Observations and ray

approximation

Gregory Kaduchak, David H. Hughes*, and P. L. Marston
Department of Physics, Washington State University, Pullman, WA 99164-2814

ABSTRACT

A prominent feature predicted for the backscattering of tone bursts by thin spherical
shells is an enhancement of a guided wave contribution near the first longitudinal
resonance. This has been explained with a backward ray model of a leaky Lamb wave
where energy is leaked off without having circumnavigated the far side of the shell (P. L.
Marston et al., J. Acoust. Soc. Am. 90, 2341 (1991); D. H. Hughes, Ph.D. thesis,
Washington State University (1992)]). The relevant s, Lamb wave has opposing group
and phase velocities giving rise to prompt radiation following the direct specular echo. The
present research gives a comparison between a ray theory approximation and experiments
in which tone bursts having carrier frequencies in the range 585 < ka < 630 were incident
on an empty stainless steel spherical shell of radius a = 12.7 cm in water. The sphere's
thickness to radius ratio is approximately 0.02. Measurements of the superposition of the
spec;ular reflection and szp Lamb wave contribution agree with the predicted amplitudes and
are nearly a factor of 5.5 larger than the reflection from a rigid sphere of the same size. The
calculated properties of the sap wave are compared with calculations for a shell in vacuum.

PACS Numbers: 43.20.Fn, 43.30.Gv, 43.35.Cg

*Present Address: Naval Research Laboratory, code 7136, 4555 Overlook Ave. S. W.,
Washington D.C. 20375

Figure 1
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computational result based on a background subtraction. The ray approximation is also in
good agreement at the highest frequency side where the enhancement is weaker. In related
work the actual surface displacements on a cylindrical shell were computed with an incident
sound wave burst at a frequency in the region of the backwards wave. The displacements
manifest a backwards wave having group and phase velocities in agreement with theory.
These results were presentedM!1 and submitted for publication.}13

3. Time-frequency analysis of scattering by thin shells based on smooth
Wigner distribution function and related derived quantities.

Hughes explored in his 1992 Ph.D. dissertationT! the application of the smooth
Wigner distribution function (SWDF) to the information content of the impulse response of
a thin shell. One aspect of this research, which was published in the Journal of the
Acoustical Society of America®S, shows how a derived quantity, the local temporal
variance (or temporal spread) of the raw WDF, has potential application as a spectroscopic
observable in scattering measurements. The analysis makes quantitative the idea that the
impulse response decays more slowly for frequency bands close to a resonance. In related
work, the decay rate for the amplitude of wave packets in a frequency band was directly
measured from a numerically evaluated SWDF of the impulse response for a 2.5% thick
stainless steel shell in water. Figure 3(a) shows the SWDF magnitude as a function of
the normalized time T = tc/a for a broad frequency band near ka = 150 where a is the radius
of the sphere. The specular reflection occurs at T = 1 and is not shown. The regular
sequence of packets shown in Fig. 3(a) corresponds to successive circumnavigations of the
so leaky Lamb wave. The exponential decay rate of these packets was measured as a
function of x = ka by constructing slices with different times like Fig. 3(a) but for different
values of x. The envelope of these packets was proportional to the function

expl-Ty, /2] where

v 0= decay rate of S leaky Lamb wave.

The Yy determined from slices through the SWDF are shown by the points in Fig. 3(b).
Ray theory based on the Watson transformation formalism predicts thatT!
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Figure 3. (a) Slice through a SWDF of the impulse response of a thin shell. (b) Comparison of
decay rate from slices like in (a) with ray theory for various x = ka.
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B,adamping of /th class of leaky wave in Np /radian

c e group velocity.
The curve in Fig. 3(b) is the ray theory result (base on f; and cg; from elasticity theory for /
= s0). There is good agreement with the result directly from the smooth Wigner
distribution function.

4. Novel source of plane wave impulses and application to measuring the
impulse response for backscattering by thin shells.

A new transducer configuration was developed with the support of this grant for the
measurement of the response of a target to a plane wave impulse. The source consisted of a
large sheet of PVDF piezoclectric polymer. In response to a step voltage input, the radiated
pressure signature approximates a pressure impulse for spectral components belew about 1
MHz. (The detailed width of the unipolar pulse depends on the sheet dimensions and the
power source.) The source was originally tested as a 15 cm X 15 cm sheet and
subsequently larger sheets were developed for scattering experiments (45 cm x 45 cm and
90 cm % 90 cm). The work has been presented M9:M10 and submitted for publication./19
Figure 4 gives the abstract of the manuscript. Fignure 5(a) shows a record of the
pressure impulse radiated by the 45 X 45 cm sheet while Fig. 5(b) shows the
configuration of the backscattering experiment. Figure 6(a) records the response of a
shell with a radius @ = 38.1 mm and a thickness h such that h/a = 0.023. (Care was taken to
subtract off a hydrophone/background signal direct from the source.) Figure 6(b) shows
the calculated impulse response based on the theoretical form function weighted by an
approximate model of the frequency response of the source-hydrophone system. Some of
the features in common of the measured and calculated impulse responses are the following:
(a) an initial specular response having a bipolar character determined by the mass-per-area of
the shell (see Sec. 5, below); (b) a sequence of high-frequency wave packets having a
frequency ~ 300 kHz; (c) those packets are superposed on a low-frequency (10 LHz)
oscillation, (d) a periodic bipolar transient of intermediate frequency. Features (b), (c), and
(d) are found to be associated with the following classes of waves that circumnavigate the
shell: (b) the ag. coincidence frequency wavepackets found in previous computations’; (c) a
low-frequency radiation enhancement of the ag- wave present for spheres; and (d)
wavepackets of the sg leaky Lamb wave. A remarkable feature of the experiment is that a




SIS Rt P SR A e s bl o 4

Submitted for publication in J. Acoust. Soc. Am.

Measurement and interpretation of the impulse response for backscattering
by a thin spherical shell using a broad-bandwidth source that is nearly

acoustically transparent

Gregory Kaduchak, Christopher S. Kwiatkowski, and Philip L. Marston
Department of Physics, Washington State University, Pullman, WA 99164-2814

Abstract

A broad-bandwidth sheet source was developed to produce a pressure impulse with
a planar wavefront containing a wide range of frequency components . The source
consisted of a PVDF sheet with water in contact with both sides. The PVDF was driven by
a step voltage. This source is nearly acoustically transparent and was used for
backscattering from an empty stainless steel spherical shell where prominent features in the
shell's calculated impulse response are observed over a wide frequency interval. The shell
was placed in the near field of the source where it experienced an impulsive pressure pulse
followed much later by contributions from the finite source size. A wide bandwidth
hydrophone was placed in the far field of the scatterer on the opposite side of the source.
Time records reveal a Gaussian wave packet associated with the excitation of the subsonic
2o- wave responsible for a large backscattering enhancement near the coincidence
frequency. Superposed on the same records are large contributions from the low frequency
excitation of the ao. wave and the s, wave [G. Kaduchak and P. L. Marston, J. Acoust.
Soc. Am. 93, 2700-2706 (1993)). A bipolar feature of the initial response was observed
and was found to be associated with the finite inertia of the shell. The shell used in the
experiment has a thickness to radius ratio of 2.3% for which these scattering phenomena
occur between 8 and 450 kHz.

PACS Numbers: 43.20.Px, 43.20.Fn, 43.40.Ey, 43.88.Fx

Figure 4
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Figure 5. (a) Impuise received by a hydrophone near the center of the PVDF sheet.
(b) Configuration for backscattering record shown in Fig. 6(a).
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single type of source pulse yields scattering data in the 8 to 400 kHz range. The existence
of the low-frequency enhanced coupling to the ag. wave was evident from Watson-
transform pole loci given by Hughes.T! It is sometimes referred to as the Junger wave
[Gaunaurd and Werby, J. Acoust. Soc. Am. 90, 2536-2550 (1991)].

5. Dependence of the bipolar specular reflection on the mass-per-area of a
shell,

An analytical model was developed?19 for the bipolar specular feature evident in
Fig. 6 (a) and (b). Figure 7 shows a comparison of the analytical model (dashed) with
the impulse response calculated directly by a numerical Fourier transform of the form
function for the shell considered in Fig. 5. The analytical theory has the following simple
form

P(T) =5(T)-2x, ¢ "N 6(T), T=1/a,
XN = paIth = null frequency, th = mass/area of the shell of thickness,

where & is a delta function and 0 is a unit-step function. The second term of P(T) gives the
dashed curve which resembles the numerically calculated solid curve. This comparison

(and others not shown) indicate that either the magnitude or relaxation time of the negative
feature can be used to estimate pgh.

6. Fresnel width of the coupling region for leaky waves on smooth elastic
scatterers and radiators,

Late in 1992, Marston carried out an analysis of the angular width of the region
where a leaky wave couples onto or detaches from a smooth scatterer. The understanding of
this width is important to the understanding of the resolution and limitations of ray theory of
Lamb waves on shells and Rayleigh waves on smooth curved solids. This work was
presented and has been accepted for publication in the Journal of the Acoustical Society of
America. Figure 8 gives the abstract of that paper which notes a connection to radiation
problems as well as to scattering. The emphasis of the paper was influenced by the
experience with the Advanced Sonar Division (ARL:University of Texas) in Spring 1993.

7. Convolution formulation of leaky wave contributions to scattering by
plates and by cylindrical shells of variable curvature.

While Marston was visiting ARL (University of Texas) he initiated development of
a formulation for leaky wave contributions to scattering that applies to objects of variable
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Figure 7. Comparison of theoretical results for the band-limited early-
time impulse response of the 2.3% thick spherical shell considered in
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) Accepted for publication in J. Acoust. Soc. Am.

Leaky waves on curved scatterers: 1. Fresnel width of coupling regions

and elliptical Fresnel patches

Philip L. Marston
Department of Physics Advanced Sonar Division
Washington State University and Applied Research Laboratories
Pullman, WA 99164-2814t University of Texas at Austin

Austin, TX 78713-8029

A common procedure for estimating the apparent width of a ray in volume
propagation is to construct the locus of defective paths having a phase shift that deviates
from that of the true ray by & radians [Yu A. Kravtsov and Yu I Orlov, Sov. Phys.
Uspekhi 23, 750-760 (1980); P. L. Marston, Physical Acoustics 21, 1-234 (1992)]. An
analogous construction is described for the effective surface region for the high-frequency
coupling of sound with a leaky wave on a curved surface along a given ray. Results are
shown for right circular cylinders and spheres. For defective paths in the plane of
incidence of the ray, the resulting Fresnel angular half-width of the patch is approximately
{2x/(ka cos0))]1/2 radians where a is the radius of the surface, sin6; = c/c; and c; is the
Jeaky wave phase velocity. The analysis is relevant to estimating the degree to which ray
coupling processes can be considered to be local processes. It is also relevant to the
anticipation of the transition to creeping wave behavior when ¢; becomes sufficiently small
for the Fresnel region to touch the edge of the scatterer. Defective paths outside the plane
of incidence are also considered for a right circular cylinder. The Fresnel patch associated
with a leaky ray to (or from) a specified point on the cylinder is approximately elliptical and
the analysis is relevant to radiation as well as to scattering,

PACS Nos: 43.30.Fn, 42.20.Dk, 43.20.Tb

1 Present and Permanent Address

Figure 8
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curvature. The formulation illustrates the importance of the Fresnel width concept noted in
Sec. 6 and applications have been explored subsequently by Marston with support from
this grant. The work has been presented and the abstract is given in Fig. 9.M14 The
amplitude of the radiated leaky wave contribution at a surface point is parameterized by an
arc length s along the surface. It is related to the incident wave amplitude pinc(s’) at s' by
the following convolution with the one-sided spatial response function h for two-
dimensional scatterers

s
JOE L P, . (Ih(s - 5) s’

As noted in the abstract Marston's previous results for the coupling coefficient G; for a
circular cylinder is recovered as a special case. For thin shells when the frequency is not
large the phase of h is altered from the limiting form given in Fig. 9. The result may prove
to be useful for the synthesis of wavefields resulting from a superposition of lealy wave
contributions from randomly curved surfaces (see also Sec. C1.)

8. Variable phase coupling coefficient for leaky waves from resonance
scattering theory. -

An important aspect of the calculation of leaky wave contributions to the scattering
amplitude is the description of the coupling of sound with the leaky wave. For the case of
scattering by spheres and circular cylinders, approximations for the magnitude and high-
frequency phase of the coupling coefficient G; were introduced by Marston [J. Acoust. Soc.
Am. 83, 25-37 (1988); 83 S94 (1988)]. Evidence of corrections to the phase of G; as ka is
lowered have been noted [S. Kargl, Ph.D. dissertation WSU (1990); P. Marston, Physical
Acoustics 21, 1-234 (1992), Sec. 5.1). An important correction arises because the phase of
G; in the original derivation depends on the phase choice for the background which may be
variable in the case of shells. This low-frequency correction has been approximated by
Marston in a way that should be applicable to thick or thin shells and give insight into ray
theory for other high frequency scattering situations where the residues of leaky wave poles
may be difficult to evaluate analytically. The result has been accepted for publication?17 and
the abstract is shown in Fig. 10. For the limiting case of a thin shell one of the phase
corrections, which varies as (ka)-I, agrees with a result of Rebinsky and Norris (to be
published) based on thin shell theory. For thin shells, approximations of leaky wave
residues have also been introduced by Ho [J. Acoust. Soc. Am. 94, 2936-2946 (1993)],
however, the derivation is not directly applicable to the cases of interest here.




4pSA1. Couvolution formulation of leaky wave contributions to
scattering by plates and by cylinders and shells of variable curvature.
P. L. Marston (Appl. Res. Lab, Univ. of Texas, Austin, TX
78713-8029 and Phys. Dept., Washington State Univ., Pullman, WA
99164-2814)

A novel high-frequency formulation is investigated that approxi-
mates the leaky wave amplitude at the scatterer in terms of a spatial
convolution of the local incident wave pressure and a one-sided line
response function A(s>0) = — ja exp(~as+iks). Here, s is the prop-
agation distance along the flat or curved surface, a is the reciprocal of
the attenuation length, k&, the real part of the wave number, and j=1 for
equal fluid loading on both sides of a plate but j=2 for one-sided fluid
loading of a shell or for Rayleigh waves on a solid. Application to plane
waves incident on cylindrical surfaces (empty shell or solid) of slowly
varying curvature yivlds the following far-field amplitude from a leaky
ray propagating a distance S on the surface: p;=—2ap;, (27a,a,/
kr)' exp(—aS+in/4+ in), where a, and a, are the radii of curvature
at the launching and detachment regions and 7 is a geometrical phase
accumulation. When a,=a,, the coupling coefficient G, for a circular
cylinder derived previously is recovered. The result can be modified to
situations where a varies weakly with curvature. [Work supported by
ARL:UTIR&D Program and by ONR.]

1861  J. Acoust. Soc. Am., Vol. 94, No. 3, Pt. 2, Sept. 1993
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(Submitted to special issue of Wave Motion on Mid-to-High Frequency Acoustics Scattering)
Accepted for Publication
Variable Phase Coupling Coefficient for Leaky Waves on Spheres and

Cylinders from Resonance Scattering Theory

Philip L. Marston
Department of Physics
Washington State University
Pullman, WA 99164-2814

Abstract

The coupling coefficient G; is approximated for the description of the launching and
detachment of leaky guided waves on spheres and circular cylinders. The approach is
based on a comparison of ray and resonance scattering theory formulations which incudes
effects on the phase of G; of higher order Debye approximations of Hanke] functions and
derivatives. The comparison also allows for a transition in the RST background between
soft and rigid behavior as discussed for spherical shells by Gaunaurd and Werby [J.
Acoust. Sgc. Am. 90,2536-2550 (1991)]. The expression for how IG/l depends on leaky
wave parameters and the high-frequency limit of the phase for a rigid background are as
previously described. The formulation is not restricted to thin elastic shells, however, the
radiation damping is assurned to be weak. Though the phase of G; depends on a separately
determined function that describes the transition in RST background, the formulation gives
insight into the dependence of G on leaky wave parameters for situations where the
residues from the Watson transformation are difficult to analyze. When the thickness-to-
radius ratio h/a is small, an O(1/kh) correction to the phase found by others is recovered.

Short Tide: Variable Phase Coupling Coefficient for Leaky Waves

Figure 10
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9. Retro-reflective backscattering of sound due to Rayleigh waves on a
solid rectangular parallelepiped.

Consider a solid object cut with square comers which may have a random
orientation relative to the direction of incident sound from a high-frequency sonar. The
question of interest is to identify the most likely mechanism for producing a strongly
backscattered signal. Research carried out by K. Gipson has confirmed the existence of a
mechanism that is more likely to occur than specular reflection back towards the source.
(The specular mechanism requires that two of the Euler angles of the scatterer lie in a
narrow range while the mechanism studied here puts narrow limits on only one of the Euler
angles.) The novel mechanism is illustrated in Fig. 11: a Rayleigh wave is launched on
the stainless-steel block in water such that after reflection from two edges the radiated
wavefront is directed back towards the source. It is necessary only that the angle of
incidence lie within about a degree of the Rayleigh angle 6R of the elastic material. The
backscattered amplitude was measured as a function of the angle of incidence and
normalized to the magnitude of the specular reflection from a solid sphere. (The solid
sphere echo served as a calibration standard.) The solid curve in Fig. 12 shows the
resulting measured amplitude as a function of the angle of incidence. The dotted curve is
an approximate theoretical model we have developed. While there are no adjustable scaling
parameters in the model, the theoretical Or was offset by 0.9° in the comparison. The other
important parameters are the wave number in water k and the attenuation distance Ly =2.9
cm of the Rayleigh wave on the block. The form of the theory is simplified for LR << the
width of the block. The experiments confirm a novel mechanism for the acoustic detection
of solid objects with comers.

Marston proposed mechanisms like the one shown in Fig. 11 as a way of detecting
plates with comers with high frequency sonars. This was during his visit to ARL
(University of Texas) during spring of 1993. The existence of this mechanism for plates
was confirmed in experiments carried out at ARL [Dodd, Loeffler, and Marston, J. Acoust.
Soc. Am. 94, 1765 (1993); Marston, Dodd and Loeffler, ibid., 1861 (1993)).

B. Radiation mechanisms for fluid-loaded membranes and plates

Matula completed a Ph.D. dissertationT2 that describes a series of experitaents on
this topic with waves excited by EMATS (electromagnetics acoustic transducers). An
important result of the research is the characterization of the transition radiation that occurs
when a subsonic flexural wavepacket on the plate first crosses the free surface of the water.
This is summarized in the abstractM12 here in Fig. 13 and in one section of Appendix A

27




Figure 11. Ray diagram of backscattering enhancement for an elastic solid with
square corners.

block tilt angle 6 (degrees)

Figure 12. Plot of normalized backscattering at 1.5 MHz as a function of the tilt
le 0 of the steel block which is maximized near the Rayleigh angle 8r. The
:gsm are an approximate theory with a small offset in 8 as the only adjustable

parameter.
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SaSA1, Energy branching of a subsonic flexural wave on a plate at an

air-water interface: Transition radiation and the acoustic wave field
in water. Thomas J. Matula and Philip L. Marston (Dept. of Phys.,
Washington State Univ., Pullman, WA 99164-2814)

The diffraction of subsonic flexural plate waves due to a discontinu-
ity in fluid-loading is experimentally investigated. A tone burst of flex-
ural waves propagates down a plate, the lower section of which is sub-
merged in water. Observations indicate that there occurs a branching of
energy as the flexural wave passes through the air-water interface. A
portion of the energy continues along the plate as a subsonic flexural
wave with an associated evanescent wave.. A second acoustic wave
(which is termed transition radiation) originates at or near where the
plate crosses the interface, and propagates in water to the far field. In
the near field of the interface there exists an interference between the
two acoustic waves in water that results in a series of pressure nulls. The
pressure nulls are associated with a 7 phase change in the wave field and
are indicators of wave front dislocations [P. L. Marston, “Geometrical
and Catastrophe Optics Methods in Scattering,” Physical Acoustics (Ac-
ademic, New York, 1992), Vol. 21, pp. 1-234]. A computation of the
wave field in an unbounded fluid due to a line-moment excitation of a
plate is comparable with the null pattern observed but differs in certain
details. [Work supported by ONR.]

1877  J. Acoust. Soc. Am., Vol. 94, No. 3, Pt. 2, Sept. 1993
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of the present report. A description of the nearfield properties of the transition radiation has
been submitted to the Journal of the Acoustical Society of America3!8 The understanding
of transition radiation is relevant to the general description of radiation by subsonic flexural
waves on plates or shells in response to a sudden change in fluid loading.

C. Caustic wavefields and diffraction catastrophes

1. High frequency forward scattering from a corrugated surface:
Experiments.

When high-frequency sound is reflected from randomly corrugated surfaces, the
reflected wavefield contains a region of large intensity fluctuations dominated by the
presence of a network of random caustics. The effect of these caustics on the statistical
properties of the wavefield is the subject of an investigation being carried out jointly with
Dr. Kevin L. Williams of the Applied Physics Laboratory of the University of Washington.
Experimental investigations are being carried out in the water tank and acoustics
measurement facility developed with the support of the present grant and its predecessor!3
(N00014-89-J-3088). [During the period of the present report, the support for the WSU
graduate student on the project (J. S. Stroud) was provided by a subcontract from
APL:UW from the parent ONR/ARL program on basic research.] The theoretical basis of
the investigation is developed in a paper by Williams, Stroud, and Marston that has been
accepted for publication in the Journal of the Acoustical Society of Americal1® The
reflected wavefield is expressed in terms of canonical diffraction catastrophes (Airy
functions and Pearcey integrals) as well as ordinary ray contributions. The synthesis is
shown to agree with numerical integration of the Kirchhoff approximation. The analysis
shows how the number of contributors varies with distance from the surface such that far
from the surface there are many contributors and the fluctuations become govemed by
gaussian statistics. Experimental investigations are in progress for both the steady-state
and transient reflected wavefields. Related work of Frederickson and Marston on the
properties of transient reflections near a three-dimensional transverse-cusp caustic was
recently published in the Journal of the Acoustical Society of America.J8

2. Novel diffraction catastrophes in the scattering of light from oblate
acoustically levitated drops.

Beginning with the discovery of caustic patterns in light scattered by acoustically
levitated liquid drops [Marston and Trinh, Nature 312, 529-531 (1984)]}, observations of
such patterns have been used to explore the sequence of caustic wavefields produced by




changing the shape of wavefronts. The method is especially suitable for developing the
analytical methods needed for problems like those mentioned in Sec. 1 (above) since the
regular shape of the drop facilitates the construction of the smooth transformations needed
for the application of catastrophe theory. During the period under consideration, three
papers were written and accepted for publication in Applied Optics’9310J11 jnvolving the
study and analysis of such caustics having greater complexity than those previously
considered. The abstracts of two of the papers are given in Fig. 14. Some of the
observations involve an intense wavefield classified as an Eg diffraction catastrophe that
was relatively unexplored. The evolution of one manifestation of the Eg studied with drop
shape agrees with an analysis by J. F. Nye (Proc. Roy. Soc. London A. 438, 397-417
(1992). Another manifestation of the Eg involves a slice through wavefront parameter
space that has not been analytically examined. That study is also relevant to caustics
produced by perturbation of exceptionally flat wavefronts (such as those scattered by
focusing spheres).

D. Interaction of sound with sound mediated by a suspension of particles

During the previous grant, H. J. Simpson completed a Ph.D. dissertation that
describes a new mechanism for mediating the interaction of sound with sound. (See the
summary in the Final ReportT3 or the publication?! Figure 15 reproduces abstracts of
the dissertation and a presentation.M6) The magnitude of the coherent acoustic interaction
signal generated is sensitive to the initial number deasity of the suspension. The relaxation
time for the interaction to build-up or decay following a change in the acoustic pump
amplitude depends on the size of the suspended particles. A graduate student, C.
Kwiatkowski, has been investigating new experimental configurations for detecting the
scattered acoustic signal. The objective is to find ways of detecting the coherent acoustic
interaction signal that may be easier to use than the fixed-angle large angle Bragg scattering
demonstrated by Simpson. Ultimately an exploration of a wider range of suspension
parameter space is planned. Figure 16 shows some results from a modified apparatus for
which the Bragg angle may be more easily adjusted. The specific test shown concerns the
long term stability of the new apparatus with a Bragg angle of 41°. The magnitude of the
coherent Bragg signal is plotted as a function of the probe frequency. This shows a series
of Bragg peaks previously investigated by Simpson. In the new study (Fig. 16), these
peaks are shown to be stable over a period of several hours when the acoustic pump
amplitude is held constant. Another configuration is also being tested for the detection of
the Bragg signal that is much more easily aligned.

3
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Figure 16. Long-time record of ultrasonic Bragg signature of a suspension of
particles in water.

E. Supplemental research and scholarship

Marston completed the editing of a book of Selected Papers on Geometrical Aspects
of Scattering subsequently published by SPIE.B! The papers were selected from the world
literature (Fig. 17) and are intended to be of value to students as well as seasoned
researchers. While emphasis from the SPIE series editor was for a volume emphasizing
light scattering, several papers of value to acousticians were also included. These include a
translation of Debye's paper introducing what is now known as the Debye expansion. The
translation was prepared with assistance from researchers that were previously students in
Marston's program. B2 In other work, an overview chapter of light scattering properties of
bubbles was submittedB3 and related previous work published.J7 A discussion of the
relationship between sound waves and Glauber coherent states of phonons was
presentedS based on a review chapter for the Handbook of Acoustics prepared previously
by Marston.
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Invited paper for the Proceedings of the Third International Congress on Recent Developments in Air-
and Structure-Bome Sound and Vibration (M. J. Crocker editor, 1994).

HIGH- CY RADIATION AND SCATTERING PROCESSES FOR SHELLS AND PLATES IN
WATER: BA ARDS WAVES, COINCIDENCE ENHANCEMENTS, AND TRANSITION RADIATION

Philip L. Marston, David H. Hughes!, Greg Kaduchak, and Thomas J. Matula?
s tofi’hyﬂcs

Washington State Universi
Pullman, V{JAS A99164-281

ABSTRACT

Coupling processes that can be impc. «an; to the radiation and scattering of high- sound by
objects in water were investigated. One of the causes a prominent enhancement of bya
Mutwwawmmdmumbminwhkhmephmmdmupvdwiﬁuhw
opposite directions. Auynﬁdshmhwmhehsﬁcmmkmﬂywmm
sround the shell. The ray predictions are supported by experiments. The enbancement generally lies close to
first thickness resonance of the shell. A ray picture is also applied to enhanced backscattering of chirped tone
bursts near the coincidence frequency of thin shells. The radiation by a subsonic wave on a plate resulting from
a sudden in fluid loading was also measured. A flexural wave propagating down a vertical plate in air

INTRODUCTION .

ns of amplitudes for the scattering of sound by hollow elastic shells in
mmmﬁdaedyn 1990 and 1992 m[m}.me@hﬂsd discussion was on leaky
Lamb wave contributions to scattering by thick spheri on ons of steady-state scattering or
form functions, and on backscattering of short tone bursts near the of thin
shells. Complete accounts of some related work have been published y since the 1992 Congress [3-8).
mdu»hqmglag]ﬂyﬁsofmeMnmuof was also di (2] and related discussions are

featare that distin the aforementioned line of research from related recent research by other
mc[ll-minhuﬁe mnmmmmmwmmmmm

Addvess: Phiys. Acoust. Branch, Naval Resesrch Laborasory, Washington DC 203755350
Addrss: Applisd Physics Laborstory, Uaiversity of Washingson, Sesttie, WA 98105
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ﬁmmmamu o the 523 Lamb wave on
couupondmg /1) a plate where

BACKSCATTERING OF CHIRPED BURSTS NEAR THE COINCICENCE FREQUENCY

theory, computations, and experiments previously described concern an enhancement of the
h&mhadﬁwm“mw‘é@mym[m&mmmw:
o 1n1ha experits ind cormpuasd Fouter syatis of e beckscaseing, e bacident ons bares s

sufficiently short that the earliest &, wave contribution was later than, and distinct from, the specular

contribution. Over a band of frequencies near the coincidence , the earliest a5. contribution was larger
mmaummm.wa 31 Raythea'ymdxcawsthatﬂw
only weakly shell thickness the thickness-to-radius
ratio lva is sufficiently small that the coincidence is large. (For steel the coincidence frequency is not
hmu-dnwhexek-mlcmdcuthcspeed sound in water.) The experiments [6] were for a stainless
Py zNa;egonSwg;or;ﬁh:u-S&lmwmmemmuthmwka-
. toa of
Wmmem umcy mnmudbelowmfuthemshellhuwnhachn'pedmcﬂent
burst. A central questi onofmmisthefollowmg: Is the enhancement degraded by chirping the
burst? Itis w:decttbechnpmwbeaﬁaenﬂynpﬂ. foﬁbemdentbmsnoscandm:ﬁh e e
ort for

g
g
E

specular leading a,-
tethered from below hneinuedwoodnnk(ﬁg. 1). mﬂlmmmmmm
gaintnulmula[ 4] maxmmnwmmm»-m«m:mmwmmm
which mimics the incident burst. The range swept is 218 10 436 kHz. The si istobe with
(b), where the incident burst is swept from low-to-high. These signatures were also compared with
ﬁ%.mwmmtmamndmwtmmwyﬁqmymﬂwmmmhmt
(320 kHz). A Fourier synthesis of the signatures was also carried out for a range of rates. The
experimental measurements and the aforementioned comparison show the following: (i) for a downward sweep
tbeguidedwaveecbombelngerm amplitude (and rarrower) than: the unswept maximum signature; (i) for an
md -wnveechoxsdegndedinmphmdetndgenuﬂlysptudoutmm The record
mFig.Z(l)commndsmthesweepmofmmmnenhmmt An analysis, based in part on ray
ies of mpome.demibeshowtbegmdedmveechomiphmdedepmdson

sweepme 14]. Therate the amplitude tends to counteract the n of the propagation
ﬁmﬁnmbﬁomﬁeﬁeqmydependemofﬂnguﬂed-mwmvelocny guided-wave scattering
process acts as a matched filter for the incident burst. The experiment and analysis suggest that the
thickness of the shell may be estimated by observing the backscattering of chirped bursts.

BACKWARDS WAVE HIGH-FREQUENCY ENHANCEMENT

There has been interest and a moderate amount of conjecture conceming a prominent high-frequency
enhancement that had beea calculated from the -wem(PWS)forbgacksumngbyspg;?wsheus
hcoey (RST) methods saggee th preseioe O & Gusded weve BAVIng & gEvup velochy vith s opposie

su a wave a vi wi
direction as the phase. velomtym[lleexphm how backwards cnegﬁoup velocity mo&pomem an
enhanced , the usual uydugnmt‘orlukym[l-ﬂmmodxﬁedforbackwudswavu
[l9.20]assbowninFig.3therme the existence of a relevant backwards wave was confirmed by

" Hughes [9,20,21] from Watson transform methodolo bnsedomhelocusofgo&plexvroots ova(ka)so

(Here Dy(ka) is the denominator of the nth term of the PWS for backacattering dasncuytheory
index v replaces n.) The relevant roots lie in the fourth quadrant of the kplmewhuek-w
)mddleindexldenmﬁewmtype. qumdmmmm&%wym mglog‘:f
gnates
backwards wave. This i hlckwu'd-merootfonphﬁemlvm\nn
or in water [22]. hkmysﬁﬂeﬁmﬁm close to the resonance of a longitudinal
mmﬁemoﬂbewuh,h-zwbmh,- q,uthelonpmdmalwavespeedmthe
dsellmwdd[2.18.23] 'l'hisconespo@nmgh-u-
a2 SS304 sheil was suspended with a configuration similar to that shown in Fig.
e;:% a was used to penmit operation at high frequencies. For the shell used h
is mm and g is 2.1un. Wa =0.0192 and x; p = 628. This corresponds toa of 1.165
Mﬂr.whilelheﬁvﬁy maximum enhancement is 1.118 MHz to ka of 601. The measured
for a long incident at this ka of maximum enhancement is shown in Fig. 4. 'l'bedunnctq)eanar
is visible only at the beginning of the trace and the enhanced echo is seen to0 be much larger than the

specular past of the echo. The enhancement in Fig. 4 is seen to be prompt since the signal builds
wits value more rapidly mma&wcﬂaﬂy&mﬁmumwdﬂw
z:n. This is thmive wiﬂ:dnnymechanhm in Fig. 3.

The cﬂheh&wuds- Shadswqmnﬁnﬁwpudictim
of the mufumfuwdonfwhctswuﬁ: ,17,19; 'Ihedmpm; of the backwards
mkmwmuhm&hnmmm&w X Mllcu:l.:ﬂvimwhchu
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- denoted by an index m = 0 as in our previous discussion of ordinary leaky waves [2-4,23). (Backwards waves 38

which circumnavigate the shell m > 0 times are 100 heavily damped to contribute to the

) The total form function relates the farfield scattered pressure py to the incident pressure p; in the
usual way : f(a/2x) exp [i(kr -oxt)). mmmmnmmmcwwy-mbckscmngfmgm
forthem= pu&l circumnavigation is written [9,17,19)]

. f:b)- '3"5,(%,) exp(in,) ap[-zp 8] = Zka(e £ 4+ cosd ) +E (1a.b)

whacﬂ;-m(clcz)ud:e and detachment dupnnmedeig.hndchxsme hase
of the backwards wave. The of (1a) follow‘snlg:mdumly the generalization of thephxghlm
to the coupli eoeﬁcxentfotadmry waves [1-4,23] to the present case, while the phase

1y takes into account the of a wave with a counter clockwise (CCW) group

velocuy[l?] EqMOns(la)md(lb)hlvealsobeenanﬂynallydmwdasahl ka The

phase and the original motivation for Fig. 3 follow from the usual condition that the direction of the phase
woludoncfthem&eemmsnsdﬂmmned dacdnecﬁonofﬂ:ephasevelomy.whﬂeﬂ:e:ms B‘on

point

determined by the direction of the when the ray
lnvuclockwue mhnm&u&mub&kwnzmm positive /2 term in 1

accounts for the ad,)usuwmﬁunpmp.monofabackwudswwedmughmepolnwxsnc While the
in Fig. showsonlyaccgemvel ocity contribution, it is important to remember that Fig. 3 is to

be rotated about the CC' axis from symmetry of the shell. The expression in Eq. (1) approximates the
mpupomionofthemulnngchssofn contributions.

mmmonml‘q.(l)nmﬂy and experimental tests [9,17] that
can only be the space Inbothhndsofwsts,nzsconvenwnttoyoupthe

bnkwudsmwoomihmonm&ﬁespwulnwmbuﬂm(mmedm&mﬂmnﬁunmemgxwmm
C)) since as evident in Fig. 4, it is difficult to distinguish between such contributions in a quasi-steady-state
measurement. ‘l'hecomhnednyconmblmbeeomes

fny'f; +f ’ W-R exp(-i2ka) (2a2,b)

where Ry denotes the unimodular reflection coefficient of a vacuum backed plate as previously described [1-
4,23). (. curvameeonection[34.23]nmuedmthedxscmonwh:chfollowsbuthasbeenmclndedmn
more complete discussion [17]. This omission does not affect the essential conclusions.) The computed ifryyl in
the x = ka region of interest is shown in Fig. 5 as the solid curve. The evaluation of Eq. (1) makes use of the
locus of zeros v; for the / = s, wave such that f; = Im(v)), see [9,17]. A computational test of the ray model,
faubl, is shown as the dashed curve in Fig. 5. This is the residual form function contribution given by
snbtneﬂngmordinn:y leaky wave contributions f; from the exact complex f (from the PWS). These f; are
described [1-4,23]). hnsnotnecessuytowbmctoﬁanysubsomcwave

eonnibunonuincedmemnegh ible in the high x region of interest. The ly supports the
bwkwud&mapponmﬁonof}‘ﬁl ﬁfwm&sthembmﬂoonm&uonuxwmches
xuz The result is that if{V)f greatly exceeds fgpec! = 1, and the backwards wave contribution is

theduhedmehﬁg. (bnsedontlnPWS)andm:plotoflﬂmthxsregxon

andhckwudsmoonm’buuonmfwumeduafuncnonofkam
qmd-sudy-smemuhkeﬁgA Geometrical factors were accounted for by a ratioing
m:wnhmmmmadﬂuwkamﬁmwm contribution is distinct from other
naﬁmmcmmbuﬂmwmwwumm.,l, away from the peak the measurements
lie closer to dashed curve [17). Since the backwards wave process in Fig. 3 does not
mﬂng;puﬁaofﬁe:hellhtheshadowm%m.dtemmﬁmﬁmin (1) should apply to_
R fonhemwbehrgennoeolu
typ:ully near the peak contribution. (For the present leOl-S }}mk.) The coupling
mm»ummmmmaummmmny[m otice that the
mechanism by Fig. 3 should also give enhanced backscattering by a cylindrical shell in the ka
region of the backwards wave. Wehvevaiﬁedthepmdmhmmhmm:nthepwsm

backscattering by a cylindrical sheil.
RADIATION BY A SUBSONIC FLEXURAL PLATE WAVE AT A DISOONTINUITY IN FLUID
LOADING

‘The coupling of the acoustic field with subsonic waves associated with the coincidence

MM[Z.SJ 14] is a consequence of the curvature of the shell. It is well known that
subsonic waves on a plate have a wavenumber lying outside of the radiation circle, so that there would be no

. A




WMmeﬁm[M._%?mwmmg&mmz&Mh 39
evanescent subsonic wave or attachments to
o dioutnaitieste fuid oeming, & " plate

convenient way to investigate such is by exciting traveling
Mmmﬁmmemmdcmdcmsmw(mmﬂllilzmﬁ%. The results
summarized here concern the radiation by a discontinuity in fluid loading for the situation di in Fig. 6.
A490cm aluminum plate is suspended vertically with its lower half in an 8 ft deep gal. tank of water.
The plawe is 12.7 cm wide and 3.175 mm thick. A flexural wave tone burst with a carrier frequency of 28 kHz
is excited on the plate with an EMAT located above the air-water interface [15,16). Tone bursts propagate away
from the EMAT up the plate in air (out of the region of interest) and down the plate (toward the air-water
interface). Thewwehngthnbnzmephwinahk3anmdisdeunﬁmdbydweoﬂs¥acmgofdxwl
The wave launched by the EMAT resembles wave packets launched by an EMAT on a membrane
[26,27): disphcurmsud\ecuﬁuﬁeqwqgeh:ﬂduplimdyintimmasmdylevelwhichisfollowed
by a decay that 13 symmetric with the build up. duration of the steady level (typically in excess of 8 cycles)
is sufficiently long in the experiment to be summarized that the measurements of interest simulated steady-state
conditions for the radiation process under consideration.
mmmm&memedﬁvmbymeMTmmhMamjoxmtofm
transmitted in water is that of a flexural wave packet that gates down the fluid-loaded plate with
awbsonicumsevelocity. There is also a component that radiates from near where the plate crosses the air-
water in that is termed transition radiation. Any sound radiated from the portion of the plate in air can be
shown to be too weakly transmitted into the water to affect the amplitude measurements to be summarized. Itis
first to comment on the properties of the subsonic transmitted evanescent wave measured sufficiently
below the surface that other contributions could be neglected. Let x denote the distance along the plate from the
interface and z the distance from the plate. All measurements were made with a hydrophone located in a vertical
plane containing the centerline of the plate. The x and z coordinates of the hydrophone were scanned by stepper
motor driven linear positioning systems. In the first set of measurements x was increased incrementally
S:Pnningwid:%lmuaﬁxedsmnvalmforz methephnseevoluﬁonofthemneb\mtheghnse
ocity was determined to be ¢; = 0.75 £ 0.01 mm/us, which is close to the calculated value of 0.741 mm/us
from full elasticity theory for an unbounded plate in water. Using a cross correlation of signals with different x
the group velocity of the wave packet was measured to be Cg7 = 1.50 £ 0.02 mm/us, which is close to the value
from the full elastic equations of 1.506 mm/us. (The ifications to ¢; and cg resulting from the finite width
of the plate are anticipated to be small [16]).) From the usual theory of evanescent wavetields [26], the pressure
decays exponentially with the distance from the plate as

P =P, exp(-xz) expf ik x - ax) | | ®)

where kye = a¥cy, and x = (a/c){(c/c))? - 1]1V2 where ¢ = 1.48 mm/lis is the speed of sound in water. The
measured deuy,deunﬁnedz”amingz.gaveux-i?mwhichisclosemdwww
value of 4.87 mm but differs significantly the value of 5.03 mm obtained when classical (thin) plate theory
e i e ol wis packet down the plate without significan
wave appears to propagate i ignificant attenuation or

ndiaﬁonwhenxislnge.d\einmfweatx-Oﬁpiﬁmdynﬂ'ectsthepwmﬁeldasacomqmofthemddm
change in fluid loading there. To explore the wavefield a raster scan in x and z was made near the interface.
T1Mz&mﬁe}d—mﬁnﬂemdmm with an increment between contours

dB. Here kye = 0.237 mm-1 is the calculated wave number along the plate, as in Eq. (3), and ko = t/c =
0.119 mn! is the wavenumber in water. (There has been an effective stretching of the z coordinate in Fig. 7
since the actual region scanned was 178 mm by 30 mm in x and 2, respectively.) Some qualitative features of
Fig. 7 may be summarized as follows: (i) for all values of z, Ipl decreases when x is decreased to lie close to the
surface, and (ii) in the region scanned, there are three distinct locations where Ipl is small, corresponding to the
three darkest 8. Additional measurements of the phase evolution as the h is scanned through
the minima that they correspond to pressure nulls (or wavefront dislocations [28]) where the phase is
i Lot myx:mbonndar;s ouiten wx e Or s c')w&nmn -l
a consequence of an pressure condition at x = 0; i isti can
be atrributed to the i mofl_n the i 'bewavevqithd:cevmt‘v’zyaveﬁcldofgmbwnic
transmitted wave packet. spacing nulls may calculated by assuming the apparent
source of the cylindrical wave lies close to the free surface [15,16)

Ky Ax = 200 1- (I ) m@)]"- 124, @

where cos8 = [x/A(x2 + 22)12] = 0.99. The agroement with the measured spacing of kyeAx = 12.2 supports the
assertion that an cylindrical wave originates close to the interface. mimplimdeofﬂmwmmst
depend on the relative to the free surface due to the aforementioned pressure release condition. An
examination of two-dimension radiation problems with discontinuous change in surface conditions
explains an additional feature of the wavefield. Barbone's geometrical construction [29), when applied to the




present indicates there is a region near the interface, bounded by a line of constant slope, where

i cvanescent wavefield of the subsonic plate wave can not penetrate. The line is labeled the "surface
wave boundary” in Fig. 7. In this forbidden region there should be an absence of interference structure as
indicased by the measurements.
enslogous i the transiion sclaion of cacgetc (ot localy subimnioal)charged paricics upon passig Grough

gous to the transition i energetic (but [ particles upon ing

& dielectric interface [30). Hy&ophmmmmscménmnzm&onmﬁonisnﬁf;ﬁ;mdm
the farfield corresponding to large values of x and z. In that region the wavefront is not Cylindrical as a
consequence of the finite width of the plate. The reader is referred to the original report for a ~uantitative
discussion of the farfield [15). The important conclusion is that the discontinuity in fluid loading causes farfield
nadiation as well as the nearfield interference structure. While the reflection of waves by such an
interface has been previously analyzed from the framework of classical thin plate theory [32], there appears to
have been no ous evaluation or exploration of the details of the wavefield. Comparison of Fig. 7 with the
known of a line force applied to an infinite plate [31] shows some important differences such as
property (i) noted above.

Itis iate to note that the transition radiation mechanism evident in Fig. 7 should also cause
enhanced ion by subsonic wave packets on shells with discontinuous fluid loading. For example, the shell
may float 50 as 10 cross the free surface of the water. The flexural wave studied here for the plate corresponds
to the a,. flexural wave previously discussed for shells [2,5-7] except for frequencies sufficiently low that the
curvature of the shell becomes important [9]. When the fluid-loaded plate root for the subsonic wave under
;:sidemionisexﬁendedmfreqmciesb:zsondIOOkszumotdwaysmnninssubsonic.asisthecasefor

ag- shell root. This plate root corresponds to an antisymmetric wave subsonic root identified in the early
work of Osborne and {33].

CLOSING COMMENTS AND ACKNOWLEDGMENT

In the coupling mechanisms summarized here the elastic ies of the plate or shell are important. In
other recent publications, wavefields mnlﬁngﬁ'omd:ereﬂectiono sound by shells having more complicated
ghapes were analyzed and measured [4,34,35]. In those cases, however, the complexity of the wavefield
resulted from a three-dimensional caustic produced by reflection. Geometrical properties of several other
complicated scattered wavefields have been summarized [36] and some limitations of geometrical methods have
been examined [4,24).

This work was supported by the U.S. Office of Naval Research.

REFERENCES

[1] P.L.Marstonand S. G. K?l, "Scattering from hollow shells: quantitative ray representations of
amplitudes,” Proceedings of the International Congress on Recent Developments in Air- and Structure-
Borne Sound and Vibration (M. J. Crocker, editor, Auburn, AL., 1990) pp. 565-568.

{2] P. L. Marston, L. Zhang, N. Sun, G. Kaduchak, and D. H. Hughes, "Ray representations of the
backscattering of tone bursts by shells in water: Calculations and related experiments,” Proceafi”rssof
the Second International Congress on Recent Developments in Air- and Structure-Borne Sound
Vibration, (M. J. Crocker and P. K. Raju, editors, Aubumn, AL., 1992) pp. 1203-1210.

(3 m..MmmS.G.KygLo}ng'Né.HSqn,Tl:sﬁcm;mampﬁmdsmudg ized GTD

product expansions matrix,” in Acoustic Resonance Scattering edited Uberall

(Gor?on and Breach, New York, 1992)pp. 305-333. v

P. LMMn."GeomicalmdanopheOg?csMethodsin ing,” in High Frequency and Pulse

(4]
R. M. Thurston and A. D. Pierce (Academic, Boston,

Scattering, Physical Acoustics, Vol. 21, edited

1992) pp. 1-234,

5} LG.&ng,N.RSun,mdP.L.Mma,"Midﬁeq enhancement of the backscattering of tone
bursts by thin spherical shells,” J. Acoust. Soc. Am. 91 (1992), 1862-1874.

[6] G.Kaduchak and P. L. Marston, "Observation of the midfrequency enhancement of tone bursts

o mz%uhinsphmcal‘ shell in water near the coincidence frequency,” J. Acoust. Soc. Am. 93

{71 P.L. Marston and N. H. Sun, "Resonance and interference scattering near the coincidence frequency

spherical shell: an approximate ray synthesis,” J. Acoust. Soc. Am. 92 (1992), 3315-3319.
[8] - N.H. Sun and P. L. Marston, "Ray synthesis of Lamb wave contributions to backscattering
- calindﬁcal shells,” J. Acoust. Soc. Am. 91 (1992), 1398-1402.

ughes, "Backscattering of Sound by Spherical Shells in Water,” Doctoral Dissertation,
Washin PmnSm University (1992).
(10) D. H. Hughes and P. L. Marston, "Local temporal variance of Wigner's distribution function as a
Sy observable: Lamb wave resonances of a spherical shell,” J. Acoust. Soc. Am. 94 (1993),

[11) J. M. Ho and L. B. Felsen, "Nonconventional traveling wave formulations and ray-acoustic reductions for
source-excited fluid-loaded thin elastic spherical " J. Acoust. Soc. Am. 94 ( 1990), 2389-2414.

:

ofa

zhzo




{12) M.Lkmw in the application of the Sommerfeld-Watson transformation to
scattering of acoustic waves from shells,” J. Acoust. Soc. Am. 94 (1993), 1110-1120.

(13] JM.l'!o. “Acoustic scattering ;z elastic cylindrical shells: Uniform ray asymptotics,” J.
Acoust. Soc. Am. 94 (1993), 2936-2946.

[14) G.KldudnklndP me;’ bursts by a thin spherical shell near the

incidence frequency,” J. Acoust. Soc. Am. (1993 2700-2706.

(15} TJ Matula, "Generation, Diffraction, MWmofSnbmekxmﬂmumMmm

UPlam. Obauva”ms) of Structural and Acoustical Wavefields,” Doctoral Dissertation, Washington State
ni

{16) T.J. Matula and P. L. Marston, ;oftmbmicﬂexmﬂmeonaphteamm-ww
m& Observation of the wave nesr the interface and near the plate,” submitted to J. Acoust.

[17] G. Kaduchak, D. H. Hu, and P. L. Marston, "Enhancement of the backscattering of high-frequency
mmbymmwmmm.mW Observations and ray

on," subemitted to J. Acoust. Soc. Am.

f18) SSmlmannandR.RHachmn.”rhewoumuwmgbyammed- herical shell. II:

2103 high-frequency region and the thickness quasiresonance,” J. Acoust. Soc. Am. 89 (1991), 2096-

(19] P.L. Marston, N. H.Sun.mdLZhang."Backwud-wavemodeloftbehx m enhancement of

gmuesonanee in the backsunenn spherical shells," J. Acoust. Soc. 1), 2341 (A).
{20] P.L. Mamon. “Final Report 14-89-1-3088. (1992) 67 pages [available from DTIC
tation, Alexandm. VA). Accession Number AD-A257

(Cameron S

{21] D.H. H and P. L. Marston, Gmﬂwedhnﬁmnearn»dethruholdsofsphmulsbeﬂs. 3
Acoust. Soc. Am. 91 (1992), 2439 (A).

{22] R.D. Mindhn. “"Waves and vibrations in isotropic, elastic plates,” in Structural Mechanics ed. by J. N.
Goddier and N. J. Goff (Permagon Press, Inc., New York, 1960) pp. 199-232; A. H. Meitzler,
"Backward-wave transmission of stress fulses in elastic cylinders and plates,” J. Acoust. Soc. Am. 38
(19652‘,:35-842, O.::non'. J. l%m\idos, h{..f%::ou, angf Jml: Izbicki, "Stud of Lax}nb ch:ves tggdm
upon fregucucy angular derivatives phase reflection cient,” ust.

94 (1993), 330-343.

[23] S.G. Karglandl’ L. Marston, "Ray synthesis of the form function for backscattering from an elastic

Sphe cal shell: Leaky lamb waves and longitudinal resonances,” J. Acoust. Soc. Am. 89 (1991), 2545-

[24] P. L. Marston, “Fresnel width of the coupling regions of generalized leaky Lamb waves and Fermat's
anc * J. Acoust. Soc. Am. 93 (1993). 11 (A).
(25] lgsghy. “Sound and Structural Vibration: Radmnon.Tnnumsnon,deesponse(Audmﬁc.Oﬂmdo

[26) T.J. MamhnndP L. Marston, "Diffraction of evanescent wave tone bursts on a membrane in air," J.
Acoust. Soc. Am. 93 (1993), 1192-1195.

[27] T.J. Matula and P. L. Marston, "Electromagnetic acoustic wave transducer for the ion of acoustic
evanescent waves on membranes and optical and capacitor wave-number selective " Acoust.
Soc. Am. 93 (1993), 2221-2227.

28] {61; N&',elndM.V Berry, "Dislocations in wave trains,” Proc. R. Soc. London Series A 336 (1974),

[29) P. Barbone, Doctoral Dissertation (Stanford University, Stanford, CA, 1991).

{30} ;.4321..ank,'1mnnonndxmonmdopncdmmeufm. Soviet Phys. Uspekhi 8 (1966), 729-

[31) D.Feitand Y. N. Liu, "The nearfield response of a line-driven fluid-loaded plate,” J. Acoust. Soc. Am.

78 (1985), 763-766.
{32] V.A.Veshev,L.P. Kouzov and V. A, Pachin, "Flexural wave reflection in a plate from the level of its
immersion into a * Sov. Phys. Acoust. 21(1975), 115-118.

[33] M.F. Osbomund D. Hart, "Transmission, reflection, and guiding of an exponential pulse by a steel
gnn o J. Acoust. Soc. Am. 17 (1945), 1-18
[34] ﬁadericbon , L. Marston, "Transverse cusp diffracti Pmdueed
nlcumkmbwmﬁomamedmfweinm Observations,” J Acoust.Soc Am.
92 1992), 2869-2977.
[35) C. K. Prederickson and P. memmdammcuspauﬂcpmdwed
reflection of acoustical transients from a curved metal surface in water,” J. Acoust. Soc. Am. 95 (1994),

650-660.
[36) P. L. Marston, editor, Selected Papers on Geometrical Aspects of Scattering (SPIE, Bellingham, WA ,
1994) 716 pages.

41




Hydrophone 8t

gmﬂcal

121

Fig. 1 — Tank facility and source and
hydrophone positions for backscattering

Fig. 3 — Backwards-wave scattering
mechanism for prompt enhanced

ing in the high-frequency region
Eh%elaﬁegmvemvelmtymm

f=1.118 MH2

millvolts

-124

] 70 140 210

t (microseconds)

Fig. 2 —- Effect of direction on the

of the earliest subsonic guided wave echo for
a thin spherical shell (see text). The echo on
the left is the specular reflection.

O..NU%U'QM

580 600 - 610 620 630
x

. § — Superposition of backwards wave
gspeaﬂnemﬁmﬁommﬂnfam
function based on Eq. (2), a modified PWS
result, and experiments.

42




43

fle ' surface wave boundary
Xural wave e
packet on plate plate J
air )
water 3.5
m e, Rtk e 2
' .3 ‘ ARG IE L At
| 2
transition radiation i 2.3 e A
from air-water interface | iR
: 1.5 " . " ,ggg;é« 4
subsonic evanescent ! ! : ﬂ
wave travels along plate |
| \ 3
Fig. 6 -- Diagram contributions to
the overall waveﬁcld muf Fig. 7 -- Contour plot showing the measured
transmission across an air-water mw.fm nearfield pressure variations for a region close
The transmitted flexural wave is subsonic to the plate and the air-water interface [15].
alongdleplancandlswczr‘rrmdbyawave The darker regions represent smaller pressure
field that decays exponentially away from the amplitudes. The distances along and from the
plate. Both sides of the plate are immersed in plate are denoted by x and z.

water.




VL DISTRIBUTION LIST
UNDER GRANT N00014-92-J-1600
ANNUAL SUMMARY REPORT

DR LOGAN E HARGROVE 3 COPIES
OFFICE OF NAVAL RESEARCH

ONR 331

800 NORTH QUINCY STREET

ARLINGTON VA 22217-5660

DEFENSE TECHNICAL INFORMATION CENTER 2 COPIES
BUILDING 5 CAMERON STATION
ALEXANDRIA VA 22314

ADMINISTRATIVE GRANTS OFFICER 2 COPIES
OFFICE OF NAVAL RESEARCH

RESIDENT REPRESENTATIVE N63374

UNIV OF WASHINGTON UNIV DISTRICT

RM 410 1107 NE 45TH ST

SEATTLE WA 98105-4631

NAVAL RESEARCH LABORATORY NAVAL POSTGRADUATE SCHOOL
TECHNICAL LIBRARY CODE 5226 TECHNICAL LIBRARY CODE 0212
4555 OVERLOOK AVENUE SW MONTEREY CA 93943
WASHINGTON DC 20375-5320

NAVAL SURFACE WARFARE CENTER
COASTAL SYSTEMS STATION
TECHNICAL LIBRARY

PANAMA CITY FL 32407-5000

SUPPLEMENTAL DISTRIBUTION TO RESEARCH PARTICIPANTS AND TO
OTHERS COUPLED WITH THE PROGRAM (1 COPY EACH)

D H HUGHES H J SIMPSON

NAVAL RESEARCH LAB CODE 7136 NAVAL RESEARCH LAB CODE 7136
4555 OVERLOOK AVE SW 4555 OVERLOOK AVE SW
WASHINGTON DC 20375-5350 WASHINGTON DC 20375-5350
TIMATULA KL WILLIAMS

APPLIED PHYSICS LABORATORY APPLIED PHYSICS LABORATORY
UNIVERSITY OF WASHINGTON UNIVERSITY OF WASHINGTON
SEATTLE WA 98105-6698 SEATTLE WA 98105-6698

G KADUCHAK S G KARGL

K GIPSON APPLIED PHYSICS LABORATORY
C KWIATKOWSKI UNIVERSITY OF WASHINGTON

J S STROUD SEATTLE WA 98105-6698
DEPARTMENT OF PHYSICS

WASHINGTON STATE UNIVERSITY

PULLMAN WA 99164-2814




W PATRICK ARNOTT
ATMOSPHERIC SCIENCES CENTER
DESERT RESEARCH INSTITUTE

P O BOX 60220

RENO NV 89506

45

CE DEAN

PHYSICS DEPT

GEORGIA SOUTHERN UNIVERSITY
LANDRUM BOX 8031

STATESBORO GA 30460

OTHER SUPPLEMENTAL DISTRIBUTION (1 COPY EACH)

D G TODOROFF
COASTAL SYSTEMS STATION
PANAMA CITY FL 32407-5000

FM PESTORIUS DIRECTOR
APPLIED RESEARCH LABORATORIES
UNIVERSITY OF TEXAS AT AUSTIN
AUSTIN TX 78713-8029

ROGER H HACKMAN
LOCKHEED PALO ALTO RES LABS
PALO ALTO CA 94304-1191

ANTHONY A ATCHLEY
DEPARTMENT OF PHYSICS

CODE PH/AY

NAVAL POSTGRADUATE SCHOOL
MONTEREY CA 94943-5000

YVES H BEETHELOT

SCHOOL OF MECHANICAL ENGINEERING
GEORGIA INSTITUTE OF TECHNOLOGY
ATLANTA GA 30332

MARK F HAMILTON

DEPT OF MECHANICAL ENGINEERING
UNIVERSITY OF TEXAS AT AUSTIN
AUSTIN TX 78712-1063

WALTER G MAYER
DEPARTMENT OF PHYSICS
GEORGETOWN UNIVERSITY
WASHINGTON DC 20057

WOLFGANG H SACHSE
THEORETICAL AND APPLIED MECHANICS
CORNELL UNIVERSITY
ITHACA NY 14853-1503

ALLAN D PIERCE

DEPT OF AEROSPACE & MECH ENGR
BOSTON UNIVERSITY

110 CUMMINGTON STREET

BOSTON MA 02215

CM LOEFFLER

APPLIED RESEARCH LABORATORIES
UNIVERSITY OF TEXAS AT AUSTIN
AUSTIN TX 78713-8029

J W DICKEY

CARERROCK DIVISION CODE 2704
NAVAL SURFACE WARFARE CENTER
BETHESDA MD 20084-5000

HENRY E BASS

DEPT OF PHYSICS AND ASTRONOMY
UNIVERSITY OF MISSISSIPPI
UNIVERSITY MS 386777

LAWRENCE A CRUM

APPLIED PHYSICS LABORATORY
UNIVERSITY OF WASHINGTON
1013 NE 40TH STREET
SEATTLE WA 98105-6698

MOISES LEVY

DEPARTMENT OF PHYSICS

UNIV OF WISCONSIN AT MILWAUKEE
MILWAUKEE WI 53201

ANDREA PROSPERETTI

DEPT OF MECHANICAL ENGINEERING
JOHNS HOPKINS UNIVERSITY
BALTIMORE MD 21218

ROBERT E APFEL

DEPT OF MECHANICAL ENGINEERING
YALE UNIVERSITY

NEW HAVEN CT 06520-2159




IRA DYER

DEPARTMENT OCEAN ENGINEERING
MASSACHUSETTS INST TECHNOLOGY
CAMBRIDGE MA 02139

STEVEN R BAKER

NAVAL POSTGRADUATE SCHOOL
DEPARTMENT OF PHYSICS CODE PH/BA
MONTEREY CA 93943-5004

TIMOTHY K STANTON
WOODS HOLE OCEANOGRAPHIC INST
WOODS HOLE MA 02543

LOUIS R DRAGONETTE

NAVAL RESEARCH LABORATORY
4555 OVERLOOK AVE SW
WASHINGTON DC 20375-5350

MICHAEL F WERBY

NRL CODE 7181

STENNIS SPACE CENTER
MS 39529

ANDREW N NORRIS

DEPT MECH AND AEROSP ENGR
RUTGERS UNIVERSITY

P O BOX 909

PISCATAWAY NIJ 08855-0909




